Abstract. Dose profiles produced by wedge filters in the non-wedged direction can exhibit a 7% or greater dose reduction at the outer ends of the field compared with open field profiles. However, many planning systems use open field profiles to model wedged dose distributions. In the present work, wedges have been modified to reproduce open field profile shapes. This modification involved removing varying thicknesses of the wedge using a simple milling machine. The wedge thickness was calculated using the assumption that dose is proportional to primary collision kerma. The discrepancies in dose between wedged field and open field profile shapes of up to 7% were reduced to less than 3% with the modifications, even for varying depths and off-axis distances. The necessary measurements are simple to perform, and hence this technique could be applied to improve wedged field dose distributions in other radiotherapy departments.
Introduction
Wedge filters are routinely used in radiotherapy centres worldwide to modify the dose distribution to obtain uniformity of dose in the target volume when summing fields or compensating for missing tissue. Typically the design of physical wedges supplied by linear accelerator manufacturers has uniform thickness in the non-wedged plane over the whole length of the wedge (Sidhu and Breitman 1994) . However, dose profile curves in the non-wedged (NW) axis for wedged field irradiation show a decrease in dose (sagging) with off-axis distance, as shown in figure 1. This saggingk is mainly due to the softening of the energy spectrum off-axis (Chui and LoSasso 1994) . The off-axis softening means that these lower-average-energy photons, on passing through a wedge of uniform thickness in the NW direction, will be attenuated to a greater extent than the central axis photons. Other contributing factors include the increase in scattered photon fluence (Huang et al 1986) and the increase in the path-length of off-axis photons due to the angulation of the beam.
The sagging leads to an underdosing of up to 7% in the NW axis. This discrepancy increases with off-axis distance and wedge angle. Chui and LoSasso (1994) state that special consideration should be given to wedged fields greater than 15 cm in length in the NW direction. Sidhu and Breitman (1994) report that some large pelvis and some breast treatments use wedged fields of more than 20 cm in the NW plane. Sidhu and Breitman recommend limiting field size in the NW direction, so that the dosimetric error is within an arbitrary percentage deviation. This recommendation clearly restricts treatment options. ‡ Present address: Cancer Therapy Centre, Liverpool Hospital, NSW 2170, Australia. k This sagging is not evident in the dose profiles when dynamic wedges are used (Bidmead et al 1995 , Geso et al 1995 , Lydon and Rykers 1996 , Li and Klein 1997 . The NW profile shape should match that of an open field profile, as most planning systems assume the open field shape in the NW directions for the dose calculations. While some planning systems account for the sagging effect in the dose calculations, physically modifying the wedge would result in a more uniform dose distribution which closely approximated the 'ideal' flat profile.
The aim of this research was to construct a wedge for a radiotherapy beam which reproduced the open field profile shape in the NW axis. This new wedge was constructed by removing varying thicknesses (increasing with off-axis distance) of the wedge material from an unmodified wedge. The thickness of the wedge to be removed was calculated based on the physical principles outlined below.
Theory and assumptions
Schematic diagrams of (a) the unmodified wedge defining the reference frame used, and (b) the parameters used in the wedge modifications are shown in figure 2. The wedge is empirically designed to reproduce a wedge shape in the wedge direction. Let c(x) be the change in dose magnitude in this direction, and the dose measured at a point (x, y) under the wedge at a depth in water t water be given by D wedge (x, y). In the y (non-wedged) direction, the unmodified wedge has uniform thickness, t wedge (x), with a position-dependent attenuation coefficient µ wedge (x, y). The dose profile measured for an open field in the same direction is given by D open (x, y). We require the ideal dose, D ideal (x, y), such that the shape of the dose profile in the non-wedge direction is the same shape as the open field dose profile
i.e. the profiles in the NW direction for the ideal wedged field and the open field should differ by a constant value c(x). The ideal dose distribution is believed to be that which matches the open field profile shapes, as open field profiles are used for the off-axis dose calculation by most planning computers. Following is the derivation of the calculation of t ideal (x, y), the required thickness of the wedge needed to obtain the ideal wedged field dose distribution. The derivation below only includes the effect of off-axis energy softening. The effect of the increase in path-length through the wedge is not shown in the derivation because:
(i) the path-length increase is proportional to 1/ cos ✓, where ✓ is the polar angle of the photons from the central axis, and 1/ cos ✓ is only ⇠1.02 at the extremities of a 40 cm long field; and (ii) when included in the calculations, 1/ cos ✓ cancels in expression (10) below.
Derivation of the ideal wedge thickness, t ideal
In situations of electronic equilibrium Attix (1978) showed that dose, D, equals collision kerma,
where 9(E) is the energy fluence for a spectrum of photons of energy E, and µ en (E)/⇢ is the mass absorption coefficient at energy E. This equation forms the basis for the first assumption.
Assumption 1: Dose is proportional to primary collision kerma. In making this assumption we imply that the scatter contribution can be expressed as a fraction of the primary photon fluence, i.e. 9 scat = 9 prim and therefore 9 total = 0 9 prim where 0 = + l.
Using assumption 1, and designating the incident photon spectrum at energy E as 9 0 (E),
we have
After passing through the wedge, we obtain
Our ideal dose found by varying the wedge thickness is
Using the mean value theorem for integrals, the above equations reduce to
and
where µ 0 wedge and µ 00 wedge are the attenuation coefficients for the energies E 0 and E 00 in the interval (0, E max ) for equations (6) and (7) respectively. These equations can be solved for a depth t water to obtain 
Hence
Renaming t ideal = t ideal µ 00 wedge /µ 0 wedge and including the requirement that
c 0 (x) (= ln c(x)) is found by letting t ideal = t wedge at x = 0 in the wedge profile direction.
Simplifying the theory
Equation (11) can be used directly to obtain the required thickness of the ideal wedge at any (x, y) point if the dose at each (x, y) point for the open field and wedged field is known. However, by making the following two assumptions only central axis profile measurements are necessary, so fewer measurements are required, and the manufacture of the wedge is easier. Assumption 3: The wedged field dose profile off-axis in the NW direction is the same shape as the central axis NW profile, i.e. D wedge (x, y) = f (x)D wedge (0, y) where f (x) is the ratio of D wedge (x, y) to D wedge (0, y) at y = 0. This approximation is known to be incorrect (Chui and LoSasso 1994) ; however, the errors introduced by this assumption are sufficiently small to validate the use of the approximation for this application (see section 4).
These assumptions result in the shape of the ideal dose profile off-axis being the same as that on-axis, i.e. D ideal (x, y) = f (x)D ideal (0, y). The assumptions simplify equation (11) to
Therefore, by only measuring the open field and wedged field profiles on central axis we can calculate the amount of material that needs to be removed from the wedge to obtain the ideal dose profile for any off-axis point.
Method

Obtaining ideal wedge thickness parameters needed to test the theory
An open 40 ⇥ 40 cm 2 field dose profile (Varian Clinac 4/100 4 MV 100 cm SSD) and a 60 wedged 15 ⇥ 40 cm 2 field profile in the NW axis were taken at 100 mm depth in water. A 60 wedge was used as this case exhibits the worst sagging.
The ratio t ideal (x, y)/t wedge (x) was calculated as outlined in the theory above. The results are shown in table 1 for both central axis and off-axis data. can be seen that the amount of wedge material required to be removed increases with offaxis distance. The values of t ideal (x, y)/t wedge (x) used were those found from the central axis data (bold column of table 1), as a result of using assumptions 2 and 3. These assumptions are valid at the thick edge of the wedge as the ratios are similar, but not at the thin edge. However, the thick edge is where the sagging is the worst as the beam passes through the most wedge material, so the worst of the sagging will be corrected for, and conversely at the thin edge the sagging is least so correction is less necessary.
Modifying the wedge
A brass wedge was machined on a Universal Milling Machine to have the same dimensions as the Varian Clinac 4/100 60 wedge. The theory obtained above was used to calculate the correction factors needed for the wedge modification at 5 mm increments across the y-plane. From these correction factors, angles ✓ a 0 and ✓ b 0 (as shown in figure 2) were found from the amount of brass needed to be removed, t wedge t ideal . As the y distance increased these angles decreased.
Modifying this wedge without the aid of an expensive computer-controlled machining centre involved careful set-up of the milling machine using a tiltable vice and a digital spirit level. The machined profile shape was set to level in the vice, and then adjusted for each change in angle as determined for each 5 mm increment. For the sake of direct comparison, only half of the wedge was modified (y = y+).
The results for the machining of this wedge were very satisfactory. Further work involves milling the 15 , 30 and 45 wedges. If a large number of these wedges were required, it would be worth engaging the services of a computer-controlled machining centre to generate the three-dimensional curves which could not be created here.
A photograph of the milled wedge is given in figure 3 , showing the modified and unmodified parts. The dose profile curves beneath this wedge were measured giving a direct comparison between the modified and unmodified wedge profiles and the open field profiles in the non-wedged axis direction.
Results: testing the theory
NW axis dose profile curves on-axis at varying depths
Central axis dose profile curves in the NW direction for an open field, unmodified wedge field and modified wedge field at depths of 10, 100 and 200 mm are shown in figure 4. The figure shows that the modifications significantly improved the agreement of the wedge profile curves with the open field profile curves for all of the depths investigated.
NW axis dose profile curves off-axis
Dose profile curves in the NW direction for an open field, unmodified wedge field and modified wedge field at off-axis distances of 65 mm (thin end) and +65 mm (thick end) Figure 5 . NW axis dose profiles curves at 100 mm depth at x = 65 mm (top) and x = +65 mm (bottom) for an open field (circles) and a wedge field (squares). The two curves were normalized to 100% at y = 0.
at a depth of 100 mm are shown in figure 5 . The x = 65 mm plot shown in this figure highlights the limitations of assumptions 2 and 3, where not enough wedge material was removed to match the dose profile curves for the modified wedge. However, the initial discrepancy in dose was small, as seen in the unmodified wedge. For the x = +65 mm plot significantly better dose profile agreement is obtained when using the modified wedge. The bumps in the modified wedge plots are due to imperfections in the process of milling the wedge.
Wedge axis dose profile curves
Dose profile curves along the wedge direction for the central axis, and 150 mm off-axis (modified and unmodified) are shown in figure 6. This figure shows that the modified wedge profile off-axis maintains the shape of the central axis profile, whereas the unmodified wedge profile departs from the central axis profile by up to 4%.
Thickness requirements for other wedge angles
In order to determine how t ideal (x, y)/t wedge (x) varied with wedge angle, the NW axis profiles were measured for 15 , 30 and 45 wedges (at x = 0) and the ratio of t ideal (x, y)/t wedge (x) Figure 6 . Wedge axis dose profiles in the wedged direction at central axis (circles) and 150 mm off-axis both for the modified wedge (triangles) and the unmodified wedge (squares). table shows that, as expected, the thickness of wedge which is needed to be removed decreases with wedge angle.
Conclusions
Experimental measurements made with the new wedge manufactured as described yield a dose distribution which does not exhibit sagging in the non-wedged direction, and is in better agreement with the off-axis dose distribution calculated by most treatment planning computers. Two assumptions used for the wedge manufacture were unnecessary, but they were included for ease of wedge manufacture and to make the data collection easier. Sidhu and Breitman (1994) report noticeable sagging even for a 15 wedge. Their recommendation for limiting field size in the NW direction so that the dosimetric error is within an arbitrary percentage deviation is not necessary here, as the wedge modifications apply to the dose at all off-axis points.
This wedge modification procedure can be used to improve wedges in radiotherapy centres, or by linear accelerator manufacturers to produce better wedges.
An alternative approach to solve the problem of the discrepancy in dose between experiment and the planning system calculations is to account for the sagging in the planning system. This solution is less favourable as a less uniform dose distribution would result.
